Abstract -This paper presents an augmented fuzzy logic power system stabilizer (PSS) for stability enhancement of multimachine power systems. In order to accomplish a satisfactory damping characteristic over a wide range of operating points, speed deviation (Ao) and acceleration (Ab) of a synchronous generator were taken as the input signals to the fuzzy controller. It is well known that these variables have significant effects on damping the generators shaft mechanical oscillations. A modification of the terminal voltage feedback signal to the excitation system as a function of the accelerating power on the unit, is also used to enhance the stability of the system. The stabilizing signals are computed using the standard fuzzy membership function depending on these variables. The performance of the proposed augmented fuzzy controller is compared to an optimal controller and its effectiveness is demonstrated by a detailed digital computer simulation of a single machine infinite bus and a multimachine power systems. Keywords: Fuzzy logic control, improved power system stabilizer, power system stability.
I . I "
In the past decades power system stabilizers have been widely used to provide the desired system performance under the condition that requires stabilization.
Stability of synchronous generators is influenced by a number of factors such as the setting of the generator's automatic voltage regulator (AVR). Many generators are equipped with high gain, fast acting AVR's to enhance large scale stability by holding the generator in synchronism with the power system during large transient fault conditions. However, these high gain excitation systems can decrease the damping torque of the generators, leading to a system vulnerable to oscillatory instability.
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Member, IEEE Department of Electrical Engineering Ferdowsi University of Mashhad Mashhad, Iran Fax : +98-51-836433 Weak transmission lines between generators and loads, operation of generators at wide power angles as a result of heavy loading, and particular load characteristic contribute to this oscillatory instability. A solution to this problem, would be building more transmission lines or adding generating capacity which are costly or impractical due to environmental or other constraints. For the past two decades supplementary excitation controllers referred to as power system stabilizers have been added to synchronous generators to counteract the effect of high gain AVR's and other sources of negative damping. To provide damping, the stabilizer must produce a component of electrical torque on the rotor which is in phase with speed variations [I] . The PSS feedback loop provides an economical way of enhancing the stability of a power system. The parameters setting of codventional stabilizers are determined off-line based on a particular operating condition to result in optimal performance for that specific condition. However, they might exhibit poor performance under different synchronous generator loading conditions.
Limitations of fixed parameters PSS's has lead to advanced control schemes, such as, self tuning control [2], sliding mode control [3], rule based PSS [4] and fuzzy logic control [5, 6] . Although, all these controllers are capable of offering better dynamic performance than a fixed parameters PSS, the fuzzy logic control appears to be the most promising, due to its lower computational burden and robustness. Also, in the design of fuzzy logic controllers, unlike most conventional methods, a mathematical model is not required to describe the system under study.
The objective of this paper is to introduce an augmented fuzzy logic PSS to enhance the stability of power systems. The improved stabilizer utilizes the fuzzy logic PSS in the usual manner, plus modification of the terminal voltage feedback signal to the excitation system as a function of the accelerating power on the unit. The nonlinear action of the augmented fuzzy logic PSS increases the power system stability greatly, while it is simple to implement. The effectiveness of the proposed improved fuzzy PSS in a single machine infinite bus as well as a multimachine power system environment is demonstrated by a detailed digital computer simulation. Also, its performance is compared to an optimal controller. It is shown that by application of augmented fuzzy PSS to the power systems good dynamic performance over a wide range of operating conditions can be obtained.
INTRODUCTION TO FUZZY SET THEORY
First, a few defmitions and mathematical operations of fuzzy sets are given [7] : 1) Definition of a fiizzy set:
defmed to be a set of ordered pairs:
Let X be a collection of objects, then a fuzzy set A in X is A {(x,
E
(1) where pA(x) is called the membership function of x in A. The numerical interval X which is relevant for the description of a fuzzy variable, is commonly named Universe of Discourse. The membership function pA(x) denotes the degree to which x belongs to A and is normally limited to values between 0 and 1. A value of pA(x) close to one means it is very likely for x to be in A and a value of pA(x) nearer to zero denotes non membership. In case that the values of membership function are limited to be either zero or one, then A becomes a crisp or nonfuzzy set.
2) Fuzzy set operation:
It is well known that the membership fimctions play an important role in fuzzy sets. Therefore, it is not surprising to define the fuzzy set operators based on their corresponding membership functions. Operations like AND, OR, and NOT are some of the most important operators of the fuzzy sets. 
The membership function of the union of these two fuzzy
The membership function of the complement of A, A', is c. The NOT operator or the complement o f a fuzzy set:
defined by:
A fuzzy relation R from A to B can be considered as a fuzzy graph and characterized by the membership function pR(x,y), which satisfies the composition rule as follows:
111. FUZZY LOGIC CONTROLLER Fuzzy control systems are rule-based systems in which a set of so-called fuzzy rules represent a control decision mechanism to adjust the effects of certain system stimuli. The aim of fuzzy control systems is normally to replace a skilled human operator with a fuzzy rule-based system. The fuzzy logic controller provides an algorithm which can convert the linguistic control strategy based on expert knowledge into an automatic control strategy. Figure 1 illustrates the basic configuration of a fuzzy logic controller which consists of a fuzzification interface, a knowledge base, a decision making logic, and a defuzzification interface.
Control Signal
Output Signal Controlled System (Nonfuzzy) As it was mentioned previously, if the synchronous generator automatic voltage regulator is utilized in a proper way it is capable of damping electromechanical oscillations of the generator shaft. Therefore, the input to the excitation system would be the control variable which is actually the output of fuzzy PSS. In practice, only shaft speed deviation is readily available. Hence, the acceleration signal can be derived from the speed signals measured at two successive sampling instants:
Ao(kT,) = TS where T, is the sampling time. After choosing proper variables as input and output of fuzzy controller, it is required to decide on the linguistic variables. These variables transform the numerical values of the input of the fuzzy controller, to fuzzy quantities. The number of these linguistic variables specifies the quality of the control which can be achieved using the kzzy controller. As the number of the linguistic variables increases, the computational time and of membership functions. For example the first line of Table   2 [13] is as follows: required memory increase.
Therefore, a compromise between the quality of control and computational time is needed to choose the number of linguistic variables. Basically, the sensitivity of a variable determines the number of fuzzy subsets. For the power system under study, seven linguistic variables for each of the input and output variables are used to describe them. These are, LP (large positive), MP (medium positive), SP (small positive), VS (very small), SN (small negative), MN (medium negative), and LN (large negative).
In order to find the minimum and maximum of stabilizer inputs, an open loop simulation for different initial conditions is performed. The results are used to find the minimum and maximum of the (Am) and (Ab). After specifying the fuzzy sets, it is required to determine the membership functions for these sets.
Functional definition, which express the membership function of a fuzzy set in a functional form, typically a bell-shaped function, triangle-shaped function, trapezoidal-shaped function, etc. is used to define the membership functions. The degree of membership can be defined as functions when the control variables amplitude are continuous. In this paper, the triangular membership functions are used to define the degree of membership. It is important to note that the degree of membership plays an important role in designing a fizzy controller. A set of rules which define the relation between the input and output of fuzzy controller can be found using the available knowledge in the area of designing PSS. These rules are defined using the linguistic variables.
The two inputs, speed and acceleration, result in 49 rules for each machine. A proper way to show these rules is given in Table 2 [8] where all the symbols are defined in the basic fuzzy logic terminology. A typical rule has the following structure:
Rule 1: If speed deviation is LP (large positive) AND acceleration is LN (large negative) then Vpss (output of fuzzy PSS) is VS (very small). Now it is required to find the fuzzy region for the output for each fuzzy rule. There are different methods for finding the output, which Minimum-Maximum and MaximumProduct methods [9] are among the most important ones. In this paper, the Min-Max method is used.
Fuzzy rules are connected using AND operators and it was defined previously that AND operator means finding minimum between two membership functions. The AND operator is used to obtain the minimum between input membership functions. Later, the minimum between this result and the output membership function is found. Finally, the output membership function of a rule is calculated. This procedure, is carried out for all of the rules and for every rule an output membership function is obtained. To find the output membership function due to all of these rules, the maximum among all of these rules is calculated. This method is specifically presented in Figure 2 . Since a nonfuzzy signal is needed for the excitation system, by knowing the membership function of the fuzzy controller its numerical value should be determined. There are different techniques for defuzzification of fuzzy quantities such as Maximum Method, Height Method, and Centroid Method. In this paper, the Centroid Method is used. In this defuzzification method, the weighted average of the membership function or the center of gravity of the area bounded by the membership function curve is computed to be the most typical crisp value of the hzzy quantity, i.e.:
This defuzzification method, is depicted in Figure 2 .
V. SINGLE MACHINE INFINITE Bus SYSTEM
The system studied is a single machine infmite bus power system as presented in Figure 3 . The synchronous machine is equipped with IEEE type DClA exciter [lo] . Governor effects are included in the simulation. In the simulation studies, the synchronous machine is represented by a 7th order model, the exciter and governor-turbine are represented by a 4th order model and a 2nd order model, respectively [I 11. The system equations linearized around the operating point, were developed in the state space form using the component connection method [12] . The overall system has 13 states. The pertinent parameters are given in the appendix. Figure 4 (a) shows the simulation results for a period of 5 seconds following 5% increase in mechanical power step change (AP,). It is clear that. the system response even after 5 seconds is still oscillatory and a PSS is required to damp the system oscillations. In this paper three different types of controllers namely conventional PSS, optimal feedback controller, and fuzzy PSS are considered and the performance of these controllers are compared against augmented fuzzy PSS. The synchronous generator is equipped with a
Figure 4(a) presents the simulation results for a 5% increase in (Ap,) with a conventional PSS. It is clear that the system response is damped.
b) Optimal feedback controller
The synchronous generator is equipped with a linear quadratic regulator. An objective function based on the state variables and inputs is defined. In this study, the weighting matrices are unit matrices with proper dimensions. Figure  4 (b) illustrates the simulation results for a 5% increase in (AP,). reduced.
It is clear that the settling time is substantially c) Fuzzy PSS
In this case, the synchronous generator is equipped with a fuzzy PSS [13] . Figure 5 illustrates the membership functions of input variables of the fuzzy PSS. Suppose that at a particular sampling instant, the sampled stabilizer inputs are Am = 0.0 1 grad I sec Ab = -0.0004~. U.
L
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where Ai represents the linguistic variables and Vpss,i is the numerical value of vpSs for the given Ai. These values can be obtained using Table 2 which are based on pervious experience with power system stabilizers. As a result 
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Vpss I -0.1 I -.04 I -.02 1 0 1 02 I 04 I .1
Figures 6(a) presents the system responses to a 5% increase in APc. It is obvious that the system response with the fuzzy PSS is better than the case of conventional PSS and is comparable to the optimal feedback controller. However, it is important to note that in the case of optimal feedback controller, all states should be available which is a rather difficult task in the majority of physical systems. On the other hand, for fuzzy controller only shaft speed information (which is readily available) is required. 
d) Augmented Fuzzy PSS
A proper stabilizing signal derived from the machine terminal voltage and introduced into the excitation system can increase the damping torque of the synchronous machine and consequently improve the performance of the conventional PSS [14] . In the proposed augmented fuzzy PSS, an auxiliary stabilizing signal, APa, which is a function of accelerating power into the terminal voltage feedback loop is utilized. This accelerating power is the difference between mechanical power and electrical power. In designing the fuzzy PSS, synchronous machine acceleration should be calculated in every step. In the case of augmented fuzzy PSS, there is no need for an extra computational effort. VI. MULTIMACHINE SYSTEM The three machine infmite bus equivalent power system shown in Figure 10 is used for the multimachine study. The three synchronous generators are fossil, nuclear, and hydro units respectively. The first two machines are equipped with static exciters and the third machirie has an IEEE type DClA exciter. All the three machine models include the governor model. The data for three machines are given in the appendix. Each synchronous generator is represented by a 7th order model. Figure 11 shows the simulation results for a period of 6 seconds following 5% increase in mechanical power step change (AP,) of machine 1. An oscillatory response even after 6 seconds specially in machine 2 and 3 due to small negative mechanical modes eigenvalues, is obvious. The system response after application of centralized optimal state feedback regulator is shown in Figure 11 . It is clear that the system response is substantially improved. However, a complex centralized optimal regulator which requires all the states to be dispatched to the central controller is needed.
In the next study each synchronous generator is equipped with an augmented fuzzy controller. Figure 5 presents the membership functions of input variables of the fuzzy PSS which are the speed and acceleration of each machine. Figure  I1 shows the system speed response to 5% increase in Apol. Clearly the performance of the system is comparablc to that of the optimal state feedback regulator. 
VII. CONCLUSIONS
In this paper, an augmented fuzzy power system stabilizer is introduced. Speed deviation (Am) and acceleration (Ab) of synchronous generator were taken as the input signals to the fuzzy controllers. To further increase the stability of the power system, a modification of the terminal voltage feedback signal to the excitation system as a function of the accelerating power on the machine is utilized. It is shown that the augmented fuzzy PSS is capable of further enhancing the power system dynamics. The controller performance is comparable to that of the optimal regulator. The effectiveness of the proposed method has also been shown using the large signal nonlinear response of the system under three phase short circuit. The proposed controller has been applied to a multimachine power system. The system response has been compared with respect to the centralized optima1 state feedback regulator and it is shown that similar performance can be obtained from augmented fuzzy PSS. A comprehensive digital computer simulation which includes the detailed models of power system components were used to prove the effectiveness of the proposed augmented fuzzy PSS. 
